IGR J18245-2452/PSR J1824-2452I is one of the rare transitional accreting millisecond X-ray pulsars, showing direct evidence of switches between states of rotation-powered radio pulsations and accretion-powered X-ray pulsations, dubbed transitional pulsars. IGR J18245-2452 with a spin frequency of ∼254.3 Hz is the only transitional pulsar so far to have shown a full accretion episode, reaching an X-ray luminosity of ∼10 37 erg s −1 permitting its discovery with INTEGRAL in 2013. In this paper, we report on a detailed analysis of the data collected with the IBIS/ISGRI and the two JEM-X monitors on-board INTEGRAL at the time of the 2013 outburst. We make use of some complementary data obtained with the instruments on-board XMM-Newton and Swift in order to perform the averaged broad-band spectral analysis of the source in the energy range 0.4-250 keV. We have found that this spectrum is the hardest among the accreting millisecond X-ray pulsars. We improved the ephemeris, now valid across its full outburst, and report the detection of pulsed emission up to ∼60 keV in both the ISGRI (10.9σ) and Fermi/GBM (5.9σ) bandpass. The alignment of the ISGRI and Fermi GBM 20-60 keV pulse profiles are consistent at a ∼25 µs level. We compared the pulse profiles obtained at soft X-rays with XMM-Newton with the soft γ-ray ones, and derived the pulsed fractions of the fundamental and first harmonic, as well as the time lag of the fundamental harmonic, up to 150 µs, as a function of energy. We report on a thermonuclear X-ray burst detected with INTEGRAL, and using the properties of the previously type-I X-ray burst, we show that all these events are powered primarily by helium ignited at a depth of y ign ≈ 2.7 × 10 8 g cm −2 . For such a helium burst the estimated recurrence time of ∆t rec ≈ 5.6 d is in agreement with the observations.
Introduction
Accreting millisecond X-ray pulsars (AMXPs) are known to be old (∼Gyr) neutron stars (NSs) endowed with relatively weak magnetic fields, B ≈ 10 8−9 G (see e.g. Psaltis & Lamb 1999; Di Salvo & Burderi 2003; Patruno 2010) . These NSs are hosted in transient low-mass X-ray binaries (LMXBs) that spend most of their time in quiescence and occasionally undergo week-to month-long outbursts. Coherent X-ray pulsations are observed from these systems with frequencies comprised between 180 and 600 Hz and their measured orbital periods range from 40 min to 5 h (see Poutanen 2006; Patruno & Watts 2012 , for reviews on AMXPs).
The AMXP IGR J18245-2452 was discovered by INTEGRAL during observations performed in the direction of the Galactic centre in March 2013 (Eckert et al. 2013) . Swift and Chandra follow-up observations located the source well within the globular cluster M 28 (Heinke et al. 2013; Romano et al. 2013; Homan & Pooley 2013) , thus providing the first measurement of the source distance at 5.5 kpc (Harris 1996) . The optical counterpart, confirming the LMXB nature of the system, could be identified by observing large variations in the system magnitude between archival observations during quiescence and follow-up pointings performed shortly after the discovery (Monard & Kuulkers 2013; Pallanca et al. 2013b; Cohn et al. 2013; Pallanca et al. 2013a ).
The first thermonuclear burst from the source was caught with Swift/XRT (Papitto et al. 2013a; Linares 2013 ) and displayed clear burst oscillations at a frequency of ∼254.4 Hz (Patruno 2013) . A second type-I burst was later reported with MAXI (Serino et al. 2013) . Coherent modulations at a period of ∼254.33 Hz were discovered in a dedicated XMM-Newton observation campaign, allowing Papitto et al. (2013b) to also measure the system orbital period (∼11.03 h) and its projected semimajor axis (∼0.76 lt-s). These properties firmly associate IGR J18245-2452 with the previously known radio pulsar PSR J1824-2452I in M 28 (Manchester et al. 2005) , thus proving that NSs in LMXBs can switch between accretion powered and rotation powered states. LMXBs discovered to undergo such transitions are named "transitional millisecond pulsars" (Archibald et al. 2009; de Martino et al. 2010 de Martino et al. , 2014 Linares 2014; Patruno et al. 2014; Bassa et al. 2014; Bogdanov et al. 2015) . From now on we refer to the source with the name IGR J18245-2452 since we focus on its X-ray aspects. Together with other AMXPs like SAX J1808.4-3658, the first discovered system of this class (Wijnands & van der Klis 1998) , and IGR J00291+5934, which displayed the first evidence of a clear spin-up during its outburst (Falanga et al. 2005b) , transitional pulsars represent the most convincing proof of the so-called "pulsar recycling scenario" (Bisnovatyi-Kogan & Komberg 1974; Alpar et al. 1982; Radhakrishnan & Srinivasan 1982) . Among the transitional pulsars, IGR J18245-2452 is the only one that has so far displayed a full X-ray outburst, reaching a peak X-ray luminosity comparable to that of other AMXPs in outburst. Its behaviour in X-rays was shown to be particularly puzzling due to a pronounced variability that has been interpreted in terms of intermittent accretion episodes (Ferrigno et al. 2014) .
In this work, we concentrate on the 2013 outburst from IGR J18245-2452, carrying out for the first time a detailed spectral and timing analysis of the INTEGRAL data. To deepen the study of the accretion event displayed by IGR J18245-2452, soft X-rays data from XMM-Newton and Swift are also used to better constrain the hard X-ray results obtained with INTEGRAL. We also report, for the first time at millisecond timescales, on the detection of pulsed emission by Fermi/GBM.
Observations and data

INTEGRAL
Our INTEGRAL (Winkler et al. 2003 ) dataset comprises all the 196 science windows (ScWs), that is, the different satellite pointings each lasting ∼2-3 ks, performed in the direction of IGR J18245-2452 from 2013, March 26 at 07:12:00 UTC to April 14 at 23:37:49 UTC. The satellite revolutions involved in the analysis were specifically: 1276-1277, and 1279-1280, and the dedicated Target of Opportunity (ToO) observation covering the entire revolution 1282. The total effective exposure time on the source was of 216.5 ks. We analysed data from the IBIS/ISGRI coded mask telescope (Ubertini et al. 2003; Lebrun et al. 2003) , covering the 20-300 keV energy band, and from the two JEM-X monitors (Lund et al. 2003) , covering the 3-25 keV energy range. The observation in revolution 1282 was the only one performed in the hexagonal dithering mode, which allows the target to be constantly kept within the fields of view of both IBIS/ISGRI and JEM-X. For all other revolutions, we retained for the scientific analysis only those ScWs for which the source was located at a maximum off-set angle with respect to the satellite aim point of <12 • .0 for IBIS/ISGRI and <2 • .5 for JEM-X in order to minimize calibration uncertainties. The reduction of all INTEGRAL data was performed using the standard offline science analysis (OSA) version 10.2 distributed by the ISDC . The algorithms for spatial and spectral analysis of the different instruments are described in Goldwurm et al. (2003) .
We show in Fig. 1 the ISGRI field of view (significance map) centred on the position of IGR J18245-2452 as obtained from the data in revolution 1282 (20-100 keV energy range). The source is detected in the mosaic with a significance of ∼34.5σ. The best determined source position obtained from the mosaic is at α J2000 = 18 h 24 m 33 s .6 and δ J2000 = −24 • 52 48 . 0 with an associated uncertainty of 0 .9 at the 90% confidence level (20-100 keV; Gros et al. 2003) . We extracted the IBIS/ISGRI light curve of IGR J18245-2452 with a resolution of one ScW for the entire observational period covered by INTEGRAL (see Sect. 3). The JEM-X and ISGRI spectra were extracted using only the data in revolution 1282, as these occurred simultaneously with one of the two available XMM-Newton observations (see Sect. 2.2) and permitted the most accurate description of the source-averaged broad-band high-energy emission. Three simultaneous Swift/XRT pointings were also available during the same period (see Sect. 2.3) to complement the INTEGRAL and XMM-Newton datasets. The averaged broad-band spectrum of the source, as measured simultaneously by all these instruments, is described in Sect. 4. We describe in Sect. 5 the results of the timing analysis of hard X-ray data as obtained from the ISGRI event files. The resulting pulse profiles are compared to the pulse profiles obtained at the soft X-rays with XMM-Newton and reported previously by Ferrigno et al. (2014) .
XMM-Newton
IGR J18245-2452 was observed by XMM-Newton (Jansen et al. 2001) twice, on 2013, April 3-4 (obs1, Rev-2439, ID 0701981401) and on 2013, April 13-14 (obs2, Rev-2444, ID 0701981501). The exposure times were 28 ks and 68 ks, respectively. We were interested in the spectra of the source obtained from the RGS (0.4-1.8 keV) and the EPIC-pn (0.5-11 keV) during the observation ID 0701981501 that was carried out during the INTEGRAL revolution 1282. We used the average spectra for these instruments (Sect. 4), as published by Ferrigno et al. (2014) , and refer the readers to this paper for all the details about the data analysis and spectral extraction techniques. We also made use of the EPIC-pn light curve (see Sect. 3). We revisited the EPIC-pn timing analysis and applied the following event selections, FLAG = 0, PATTERN ≤ 4 and RAWX = [33, 41] , to the timing data from both observations.
Swift
The Swift/XRT (Burrows et al. 2005 ) observation campaign carried out to monitor the outburst of IGR J18245-2452 started ∼191 s after the Swift/BAT trigger caused by the source brightening on 2013, March 30 at 02:22:21 UTC (Romano et al. 2013) and lasted until 2013, April 17 at 07:11:51 UTC. The campaign comprises 43 pointings with a total exposure time of ∼92.7 ks. We extracted the source light curve of all observations in the 0.5-10 keV energy band (see Sect. 3) by using the XRT online tool (Evans et al. 2009) (Burrows et al. 2005 ) and the calibration files v.20160113. The considered XRT data were all taken in window-timing (WT) mode and we analysed them by making use of the xrtpipeline (v.0.13.2). Filtering and screening criteria were applied by using the FTOOLS contained in the heasoft 1 software package v.6.19. We extracted source and background light curves and spectra by selecting event grades in the range 0-2. We used the latest spectral redistribution matrices in the HEASARC calibration database. Ancillary response files, accounting for different extraction regions, vignetting and PSF corrections, were generated using the xrtmarkf task. The considered data were not found to be affected by any significant pile-up.
Fermi/GBM
The Gamma-ray Burst Monitor (GBM; Meegan et al. 2009; Bissaldi et al. 2009 ) aboard Fermi has as its main goal to increase the science return by observing γ-ray bursts and other transients below the Fermi LAT (Atwood et al. 2009 ) passband (20 MeV-300 GeV). The GBM comprises a set of 12 sodium iodide (NaI(Tl)) detectors sensitive across the 8 keV to 1 MeV band, and a set of 2 bismuth germanate (BGO) detectors covering the 150 keV to 40 MeV band, and so overlapping with the Fermi LAT passband. The set of non-imaging detectors provides a continuous view on each occulted (by Earth) hemisphere. Since 2012 November 26 (MJD 56 257) the GBM in nominal operation mode provides time-tagged events (TTE) with 2 µs precision, synchronised to GPS every second, in 128 spectral channels, now allowing detailed timing studies at millisecond accuracies.
Outburst light curve
We report in Fig. 2 the light curve of IGR J18245-2452 as obtained from all available X-ray data showing that the entire outburst lasts for about 23 days (from 2013 March 26 to April 17). The count-rates measured from all instruments were converted into bolometric flux values (0.4-250 keV) using the spectral analysis results obtained in Sect. 4.
The global profile of the outburst observed from IGR J18245-2452 is not too dissimilar from that shown by other AMXPs in outburst, typically characterised by a fast rise time (∼1-2 d) and a slower decay to quiescence (∼4−5 d; see e.g. Falanga et al. 2005b; Bozzo et al. 2016) . It is the short term variability of the source, observed by all instruments, that is much more peculiar (see Fig. 2 and Ferrigno et al. 2014) . A similar variability is also seen in another two transient AMXPs, PSR J1023+0038 and XSS J1227.0-4859 (see e.g. Linares 2014 , and reference therein). This rapid flux fluctuation has never been observed in any other AMXP, therefore it constitutes a property remarkably characterising for transient AMXPs. For IGR J18245-2452, this variability has been interpreted as a transition between accretion state and centrifugal inhibition of accretion, possibly 1 http://heasarc.gsfc.nasa.gov/docs/software.html causing the launch of outflows (Ferrigno et al. 2014 ). However, other models have been proposed to explain the different kind of variability connected to the other two transient AMXPs (see e.g. de Martino et al. 2013; Papitto et al. 2014; Shahbaz et al. 2015) . Although IGR J18245-2452 undergoes dramatic spectral changes on timescales as short as a few seconds, its average spectral energy distribution was identical between the two XMM-Newton observations and, more generally, during the entire flat portion of the outburst (from day 3 to 20 in Fig. 2 ; Ferrigno et al. 2014) . As the fast spectral variations could not be revealed by the reduced sensitivity of the instruments on-board INTEGRAL compared to those on-board XMM-Newton, this justified the extraction of a single spectrum for IBIS/ISGRI and the two JEM-X monitors summing up the data obtained over the entire exposure time available during the revolution 1282. During the outburst, three type-I X-ray bursts were recorded from IGR J18245-2452. We analyse and discuss the three bursts in Sect. 6.
Averaged broad-band spectral analysis
In this section, we report on the analysis of the averaged broadband spectral properties of IGR J18245-2452, taking advantage of the hard X-ray energy coverage provided by INTEGRAL. We make use of the average JEM-X spectra covering the 5-25 keV energy range and the IBIS/ISGRI spectrum covering the 22-250 keV energy range, as obtained from the data in revolution 1282. We fit these data together with the simultaneous Epic-pn (0.9-11 keV), RGS (0.4-1.8 keV), and XRT spectra (0.4-8 keV).
The spectral analysis was carried out using xspec version 12.6 (Arnaud 1996) . All uncertainties in the spectral parameters are given at a 1σ confidential level for a single parameter. All EPIC spectra of the source were optimally rebinned using the prescription in paragraph 5.4 of Kaastra & Bleeker (2016) .
We first fit all the combined spectra by using a simple absorbed power law model, also including a normalisation constant in the fit to take into account uncertainties in the cross-calibrations of the instruments and the source variability (the data are not covering strictly the same time interval, even though they were collected in a compatible portion of the source outburst). This first fit provided an absorption column density of N H = (0.32 ± 0.01) × 10 22 cm −2 , a power law photon index Γ = 1.37 ± 0.01 and a relatively large χ 2 red /d.o.f. = 1.44/2647, most likely due to the wavy residuals at all energies. Although the fit was not formally acceptable, we noticed that the values of the normalisation constants were all in the range 1.0 ± 0.2, compatible with the finding that the average spectral properties of the source during the considered part of the outburst were stable. A similar range for the normalisation constants was also found in all other fits reported below (we assumed in all cases the EPIC-pn as our reference instrument and fixed its normalisation constant to unity).
To improve the fit, we modified the power law model by including a cut-off at the higher energies. We measured a cut-off energy of E cut = 122 Here kT bb represents the temperature of the black-body emission. The black-body radius is R bb = (6.5 ± 0.1) m. In all these fits we add a Gaussian line to take into account an iron emission feature around ∼6.6 keV, and three Gaussian lines centred at energies of 1.5, 1.8, and 2.2 keV (Ferrigno et al. 2014) .
Following Ferrigno et al. (2014) , we also tried to fit the averaged broad-band spectrum of IGR J18245-2452 with a thermal Comptonisation model (nthcomp, Zdziarski et al. 1996; Zycki et al. 1999) to take into account the emission produced by a thermal distribution of electrons which Compton up-scatter the soft seed X-ray photons. This model provided a statistically similar good fit as the phenomenological model described above, once a broad iron line peaking at 6.6 keV is included in the fit (the inclusion of the line leads to an improvement of the fit from χ Table 1 , are quantitatively similar to those previously reported by Ferrigno et al. (2014) , we noticed that our measured absorption column density, N H = (0.24 ± 0.01) × 10 22 cm −2 , is significantly lower than other values reported in the literature (see also Papitto et al. 2013b; Ferrigno et al. 2014) . We ascribe this difference to the fact that we are using a much broader energy range and also that a thermal component related to the presence of an accretion disk (diskbb in xspec) was not needed (see below).
To compare the averaged broad-band spectrum of IGR J18245-2452 with those of other AMXPs observed at hard X-rays with INTEGRAL (e.g. Gierliński et al. 2002; Gierliński & Poutanen 2005; Falanga et al. 2005a Falanga et al. ,b, 2007 Falanga et al. , 2011 Falanga et al. , 2012 Ibragimov & Poutanen 2009 ), we also performed a spectral fit using a thermal Comptonisation model in the slab geometry (compps, Poutanen & Svensson 1996) . The main parameters are the absorption column density N H , the Thomson optical depth τ T across the slab, the electron temperature kT e , the temperature kT bb of the soft-seed thermal photons (assumed to be injected from the bottom of the slab), and the inclination angle θ between the slab normal and the line of Notes. The Gaussian lines at 1.5, 1.8, 2.2 keV, and a broad Gaussian iron line were also included in the fit (see Ferrigno et al. 2014 , for further details). In both models the diskbb component does not improve the fit. sight. The results of this fit are also reported in Table 1 and are similar to those measured from other AMXPs in outburst, but the optical depth was 50% larger compared with, for example, XTE J1751-305, which has nearly identical electron temperature (Gierliński & Poutanen 2005) . We note that the broad Gaussian iron line at ∼6.6 keV was also required in this model. The absorption column density measured from the fit with the compps model is compatible with that obtained before using the nthcomp model. Our N H value is close to the Galactic value, 0.18 × 10 22 cm −2 , reported in the radio maps of Dickey & Lockman (1990) , Kalberla et al. (2005) . We note, that combining the different XMM-Newton observations with the other spectra, we could not find any evidence of the diskbb component from the residuals of our best fit Comptonisation models (see also Fig. 3 ). The temperature of the diskbb was kT diskbb = (2 ± 1) × 10 −2 keV, two orders of magnitude lower than the value reported by (Ferrigno et al. 2014) . We noticed that using the tbnew photoelectric absorption model with variable abundances of iron and oxygen (Wilms et al. 2000) , the diskbb becomes significant in the fit. This may be due to a decrease of the iron abundances and so the diskbb component fits the data well (Ferrigno et al. 2014) .
We verified that the relatively large χ 2 red (1.15-1.19) in both fits is mainly due to statistical fluctuations of the data and the high statistics available. We could not find any systematic trends in the residuals that could suggest the presence of additional spectral components or that the selected models are not adequate for the fit. The improvement of the compps compared to the nthcomp, as statistically evaluated with the F-test, is highly significant, since we obtained an F-test probability of 2.5 × 10 −20 . An advantage of the compps model is that it allows us to estimate the apparent area of the thermally emitting region on the NS surface, A seed ≈ 250 (d/5.5 kpc) km 2 . At the distance of IGR J18245-2452 (d = 5.5 kpc), the radius of this region is ≈8 km, assuming a canonical NS radius of 10 km and a spherical geometry. This source shows a harder spectrum, with a larger emitting area, and a smaller seed temperature compared to the other AMXPs (e.g. Gierliński et al. 2002; Gierliński & Poutanen 2005; Falanga et al. 2005b Falanga et al. , 2011 Falanga et al. , 2012 Falanga et al. , 2005a for AMXPs have been found in the range Γ ≈ (1.8−2.0), that is, harder spectra compared to the photon index of Γ ≈ 1.3 for IGR J18245-2452. We show in Fig. 3 the absorbed unfolded averaged broad-band spectrum of IGR J18245-2452, together with the residuals from the best fit model.
Timing analysis
The pulsar ephemeris
We studied the pulse profile of IGR J18245-2452 at soft X-rays (0.5-10 keV) and hard X-rays/ soft γ-rays (20-150 keV) using XMM-Newton/Epic-pn, and INTEGRAL/ISGRI and Fermi/GBM data, respectively. Irrespective of the instrument involved, the timing analysis starts with the conversion of the arrival times of the (selected) event registered at the satellite to the solar system barycentre. This process uses the instantaneous spacecraft ephemeris (position and velocity) information, the JPL solar system ephemeris information (DE200 or DE405, we used DE200) and an accurate source position to convert the recorded satellite times from Terrestial Time scale (TT or TDT, which differs from Coordinated Universal Time (UTC) by a number of leap seconds plus a fixed offset of 32.184 s) into Barycentric Dynamical Time (TDB) scale, a time standard for Solar system ephemerides.
We used the IGR J18245-2452 source position as listed in Table 1 of Papitto et al. (2013b) . This position is consistent at (sub)arcsecond level with the most accurate locations reported at optical wavelengths (see e.g. Pallanca et al. 2013b ) and at radio frequencies (see e.g. Pavan et al. 2013) , and from earlier Chandra X-ray observations of M 28 (Becker et al. 2003) . Subsequently, we corrected the TDB arrival times for the acceleration effects along the binary orbit adopting the orbital parameters from Table 1 of Papitto et al. (2013b) . We analysed the XMM-Newton/Epic-pn data taken in timing mode (timing accuracy ∼30 µs) from both XMM-Newton observations (obs. ids. 0701981401 and 0701981501, which are separated in time by ∼9.5 days; see Sect. 2.2) performed during the April 2013 outburst. Using the spin frequency of 254.333 031 01(62) Hz, as derived from the spin period value and its uncertainty as listed in Table 1 of Papitto et al. (2013b) , yielded highly significant pulse-phase distributions. However, we noticed a considerable misalignment of ∼0.15 in phase of both pulse-pulse distributions, which is too large when timing data are combined from observations covering periods of weeks, as is the case for INTEGRAL/ISGRI and Fermi/GBM. Such a shift is indicative of a slightly incorrect spin frequency, or, less likely, is related to the use of the DE200 solar system ephemeris in the barycentering process in our analysis, while the IGR J18245-2452 parameters of Table 1 of Papitto et al. (2013b) have been derived adopting DE405.
Irrespective of the cause of the misalignment, we revisited the "best" spin-frequency, now adopting DE200, because in the barycentering process of the INTEGRAL/ISGRI and Fermi/GBM timing data we will also adopt the DE200 solar system ephemeris. We derived through Z 2 1 test-statistics (Buccheri et al. 1983 ) optimisation using the combined XMMNewton datasets a slightly different spin frequency ν of 254.333 030 87(1) Hz. The performed timing analysis improves the spin frequency and confirms the other values reported by Papitto et al. (2013b) . This procedure also ensures that the pulse phases of the events from both XMM-Newton datasets are phase connected automatically across the datagap of ∼9.5 days. This is demonstrated in Fig. 4 panels a-c and d-f showing that the pulse profiles, folded upon one single spin and orbital ephemeris, are nicely aligned. The quoted uncertainty is the statistical error at 3σ confidential level; the systematical uncertainty in the spinfrequency due to the positional uncertainty (see e.g. Sanna et al. 2017 , for the method) in the coordinates of IGR J18245-2452 is about 6 × 10 −8 Hz for an assumed uncertainty in source location of 0 . 5, and thus considerably larger than the statistical one. To assess the effects on phase alignment by using a different solar system ephemeris, DE405, as adopted in Papitto et al. (2013b) , we repeated the frequency optimisation, and obtained an optimum spin frequency value that differs only +6 × 10 −9 Hz from the DE200 value. We, therefore, excluded a different solar system ephemeris, DE405, as the cause of the phase misalignment.
Application of the newly derived spin-frequency value, which is 1.6 × 10 −7 Hz smaller than the value of Papitto et al. (2013b) , in the folding procedure now yielded a consistent alignment between the 2-10 keV XMM-Newton pulse-phase distributions of the two different XMM-Newton observations (see also Fig. 4 , panels b and e).
Pulse profile, pulsed fraction, and time lag
With an accurate ephemeris, that keeps phase alignment across at least ten days, we proceeded with the timing analysis of IS-GRI soft γ-ray data. We selected INTEGRAL observations from the late stage of Rev. 1276 (beyond and including Scw 830010), 1277, 1279-1280 and (ToO) 1282 with IGR J18245-2452 at ≤14 • .5 from the pointing axis. We excluded events recorded during time periods where the ISGRI count-rate behaved erratically (e.g. near perigeum ingress/egress, or during periods corresponding to a high solar activity). Additionally, we selected only those events with rise times between channels 7 and 90 ) from non-noisy pixels having a pixel illumination factor at least 25%.
The outburst averaged 20-60 keV pulse-phase distribution deviates from uniformity at a 10.9σ, applying a Z seen in the 60-150 keV band. The ISGRI pulse-phase distributions are shown in the right panels of Fig. 4 labelled g, h, i. In the same figure, the (time-averaged) phase-distributions are shown from both XMM-Newton observations for the 0.5-2 keV (top; a and d), 2-10 keV (middle; b and e) and 10-15 keV (bottom; c and f) energy bands. We would like to point out that the morphology changes as a function of energy for these X-ray profiles.
We have also folded the barycentered time stamps (accuracy 2 µs; TTE mode) of the NaI detectors of the Fermi/GBM, collected during 56 379-56 397 MJD (2013, March 28-April 15; continuously monitoring) using our updated IGR J18245-2452 DE200 ephemeris. Because of the non-imaging nature of these detectors, we have screened the data only by making selections on observational conditions such as on pointing direction, Earth zenith angle, and spacecraft location with respect to the South Atlantic Anomaly. We also ignored episodes of (intense) bursts. The averaged exposure per NaI detector was 201.3 ks.
For the 20-60 keV band we detected pulsed emission at a 5.9σ confidential level with a pulse shape fully consistent with the ISGRI 20-60 keV profile, while below 20 keV and above 60 keV we found significances of 3.3σ and 1.7σ, respectively. The Fermi/GBM 20-60 keV pulse-phase distribution is shown in Fig. 4 (panel j) along with the 20-60 keV ISGRI profile (panel i). Cross-correlation of both profiles (both in 60 bins) shows that the alignment between ISGRI and GBM profiles is fully consistent; we found an insignificant shift of only 23 ± 109 µs (i.e. 0.006 ± 0.03 in phase) between both detectors, validating our updated DE200 ephemeris of IGR J18245-2452.
In Fig. 5 , we report the pulsed fraction of the fundamental and first harmonics in the 0.5-11 keV and the phase/time lag of the fundamental harmonic obtained combining the two XMMNewton observations. The phase/time lag of the first harmonic is poorly determined, constant to zero, and not reported in this plot. The relative phase/time lags are expressed in microseconds as a function of energy compared to the averaged pulse profile (see Eq. (1) is arbitrarily taken at the lowest energy band. For ISGRI we derived the time averaged pulsed fraction (across the outburst) in three energy bands of the fundamental component considering the signal-to-noise of the pulse signals above 20 keV. These are derived from fitting a sinusoid to the ISGRI pulse profiles to determine the pulsed counts, converting the pulsed excess counts to photon fluxes and finally dividing this number by the total source flux as derived through ISGRI imaging. The ISGRI pulsed fraction value in the 20-60 keV is ∼14%, and connects well with the ∼15% near 10 keV in the XMM-Newton data. For AMXPs, it was found that the low-energy pulses lag behind the high-energy pulses (soft phase/time lags), monotonically increasing with energy, and saturating at about 10-20 keV (see e.g. Cui et al. 1998; Ford 2000; Gierliński & Poutanen 2005; Falanga et al. 2005b; Ibragimov et al. 2011 ). This soft time lag has been interpreted as the result of photon delay due to down-scattering of hard X-ray photons in the relatively cold plasma of the disk or NS surface (Cui et al. 1998; Titarchuk et al. 2002; Falanga & Titarchuk 2007) . On the other hand, Poutanen & Gierliński (2003) , Gierliński & Poutanen (2005) , Ibragimov & Poutanen (2009) suggested that the lags may be produced by a combination of different angular distributions of the radiation components, and differences in the emissivity pattern. On the contrary, IGR J18245-2452 shows a hard lag, that is, low-energy pulsed photons arrive before the hard-energy pulsed photons. A similar trend in pulsed fraction and time lag has been observed for IGR J00291+5934, but only starting at higher energies from ∼6 keV (Falanga et al. 2005b; Sanna et al. 2017 ). For IGR J18245-2452 the thermal seed soft photons, coming from a larger emitting area, may up-scatter off hot electrons in the accretion column and arrive before the hard-energy photons. However, such a Compton-up scattering model is unlikely, since the lags are measured in the pulsed emission and the typical light-crossing time of the emission region is orders of magnitude smaller than the observed lags. It is more probable that the lags reflect variations in the emission pattern as a function of energy. Small deviations of the radiation angular distribution from the Lambert law induce rather large deviations in the pulse profile, leading therefore to lags (Poutanen & Beloborodov 2006; Lamb et al. 2009 ). Since the time lags are constant between 0.7 and 2 keV, this might suggest that these photons are coming from the disk. However, an increasing pulsed fraction in the range between 11 and 14% confirms rather the absence of the accretion disk at this energy range. We note that the maximum observed time delay, ∼150 µs, is comparable in absolute value with other AMXPs, indicating that they share most likely the same geometrical emission size or that the emission pattern has nearly the same energy gradient. The pulsed fraction of the first harmonic is between 1 and 3%, while the time lags are consistent with zero due to large errors. The presence of the first harmonic may indicate that some pulsed emission is coming from the anti-polar cap, not being occulted by a disk, or that the emission pattern is not blackbody-like.
Properties of the type-I X-ray bursts
During the 2013 outburst of IGR J18245-2452 a total of three type-I X-ray bursts were detected (see Table 2 ). The type-I X-ray bursts were separated by similar time intervals of ∆t rec,1−2 = 4.8 d and ∆t rec,2−3 = 5.2 d (see Fig. 2 and Table 2 ) and went off during the flat part of the outburst when the source was at the highest X-ray luminosity (i.e. away from the initial rise and final decay phases). The source emission during the MAXI burst could not be analysed in detail because the data were contaminated by the nearby source GS 1826-238. The study of the second burst was reported by Linares et al. (2014) , Papitto et al. (2013b) . Here we discuss in more detail the third burst that was not yet reported in literature. We discovered this event during a careful analysis of the INTEGRAL data in revolution 1282. The ScWs 4, 5, and 6 of this revolution were affected by a high radiation background when the INTEGRAL satellite was coming out from the Earth radiation belts and thus we had to specifically force the OSA software to skip the standard GTI selection to obtain the source light curve for this period. The burst was discovered in the ScW 4 and a zoom into the relevant part of the light curve is shown in Fig. 6 . The burst lasted ∼90 s and it showed a rise time of ∼5 s. The burst decay profile could be well fitted with an exponential function and the correspondingly derived e-folding time is τ fit = 20 ± 3 s. The parameters of the JEM-X burst are thus well compatible with those measured by Linares et al. (2014) for the XRT burst (see their Table 2 ). As the spectral analysis of the JEM-X burst could not be carried out due to contamination from the radiation belts, we determined the burst persistent flux after 0.08 d from the JEM-X burst onset. The flux value is F pers ≈ 3.6 × 10 −9 erg cm −2 s −1 , corresponding to a luminosity of L pers,bol ≈ 1.3 × 10 37 erg s −1 (i.e. 3.4% L Edd , where L Edd is the Eddington luminosity) close to the value reported by Linares et al. (2014) . However, since the persistent flux of the source is variable, we discuss later the results considering the flux range F pers = (3−9) × 10 −9 erg cm −2 s −1 for 0.11 d after the burst onset. If we assume that the total burst energy released during the JEM-X burst is comparable to that measured during the XRT burst, we obtain a total burst fluence of f b = 1.1 × 10 −6 erg cm −2 . As the light curve of the JEM-X burst does not show any clear evidence of a plateau at its peak, we conclude that most likely no photospheric radius expansion took place. We summarise in Table 3 all measured and extrapolated JEM-X burst parameters.
To constrain the nature of the thermonuclear burning that gave rise to the JEM-X burst, we first determine the local accretion rate per unit area onto the compact object at the time of the event asṁ = L pers (1+z)(4πR 2 (GM/R NS )) −1 , that is,ṁ ≈ 7.3× 10 3 g cm −2 s −1 (where the gravitational redshift is 1 + z = 1.31 for a canonical NS with a mass M NS = 1.4 M and a radius of R NS = 10 km). We can then estimate the ignition depth at the onset of the burst with the equation y ign = E burst (1+z)(4πR 2 Q nuc ) −1 , where the nuclear energy generated for pure helium (assuming a mean hydrogen mass fraction at ignition X = 0) is Q nuc ≈ 1.6 + 4 X MeV/nucleon ≈ 1.6 MeV/nucleon and for solar abundances (assuming X = 0.7) is Q nuc ≈ 4.4 MeV/nucleon (Galloway et al. 2004 , and references therein). We note that the considered values Q nuc include losses owing to neutrino emission as detailed in Fujimoto et al. (1987) . Once the ignition depth is known, the recurrence time between the bursts can be calculated by using the equation ∆t rec = (y ign /ṁ)(1 + z). We obtain y ign = 2.7 × 10 8 g cm −2 and ∆t rec ∼ 5.6 d in the case of helium burning, while y ign = 10 8 g cm −2 and ∆t rec ∼ 2.1 d in the hydrogen burning case.
These results indicate that the JEM-X event could be more likely associated to a helium burst. However, to properly disentangle between the cases of helium and hydrogen bursts, we compare the total accreted matter between two subsequent bursts with the amount of fuel liberated during these events. From  Fig. 2 we estimate that the mean persistent fluxes (0.4-250 keV energy band) between the observed bursts are F pers,1−2 = (1.6 ± 0.1) × 10 −9 erg cm −2 s −1 and F pers,2−3 = (2.0 ± 0.1) × 10 −9 erg cm −2 s −1 , respectively. These correspond to a persistent luminosity of L X ≈ (6−7) × 10 36 erg s −1 (or (1.5−2)% L Edd ). The mass accretion rate is thusṀ = (6−8) × 10 16 g s −1 , as calculated through the standard accretion equation L X = GM NSṀ /R NS (see, e.g. Frank et al. 2002) . The estimated total mass accreted between the type-I X-ray bursts is thus ∆M =Ṁ∆t ≈ (2.6−3.6)× 10 21 g, using ∆t = 4.8 d and 5.2 d. The amount of fuel liberated during a thermonuclear burst can be estimated as ∆M He = E burst /ε He ≈ 2.4 × 10 21 g and ∆M H = E burst /ε H ≈ 4.9 × 10 20 g. Here ε He ≈ 1.6 × 10 18 erg g −1 is the total available nuclear energy for the transformation of pure helium into iron-peak elements, and ε H ≈ 8 × 10 18 erg g −1 is the total available nuclear energy for the transformation of pure hydrogen into iron-peak elements. As can be immediately noticed, ∆M and ∆M He are the closest values. Taking all the results together, we conclude that the JEM-X burst was triggered by unstable helium burning, after all accreted hydrogen was exhausted by the steady burning prior to the burst. If we consider the lower and upper burst persistent flux level of F pers = (3−9) × 10 −9 erg cm −2 s −1 , this corresponds to a mixed helium/hydrogen burst ignition regime triggered by thermally unstable helium ignition (see Strohmayer & Bildsten 2003; Linares et al. 2014) , with a recurrence time, for solar composition, of between ∆t rec = (1 and 2.5) d and for helium between ∆t rec = (2.3 and 6.7) d. Such a short recurrence time for solar composition has not been observed during our data set including also the 131 ks INTEGRAL continuous data. For helium composition instead, the range is more suitable with the observed value. We note that our conclusion is also in agreement with the light curve profiles of both XRT and JEM-X bursts, as helium bursts typically show a fast rise time of a few seconds at the most (Lewin et al. 1993; Galloway 2008) . The probabilities of detecting a burst with ∆t rec = 5.6 d in the intervals (56 377.5-56 385.2) MJD, (56 385.2-56 390) MJD, and (56 390-56 397) MJD are respectively P 1 = 54%, P 2 = 88%, and P 3 = 67%. Instead for the lower limit recurrence time, ∆t rec = 2.3 d, the probabilities decrease as P 1 = 39%, P 2 = 83%, and P 3 = 56%. Therefore, there is higher probability of missing another type-I X-ray burst at the beginning and at the end of the outburst.
Summary and discussion
In this paper, we reported for the first time on a detailed analysis of the INTEGRAL data collected during the 2013 outburst of the transitional AMXP IGR J18245-2452. The source is known for having displayed a peculiarly prominent timing and spectral variability in the X-ray domain during a full accretion episode, on timescales as short as fractions of a second. This variability is not usually found in classical AMXPs, which have never before shown (to the best of our knowledge) evidence of transitions between phases of rotationally and accretion-powered pulsations. PSR J1023+0038 and XSS J1227.0-4859 are another two transient AMXPs showing a fast flux variability, but they have never been observed in full outburst (Linares 2014 ).
In addition, their variability is accompanied by flaring and dip states, that IGR J18245-2452 does not show (de Martino et al. 2010; Shahbaz et al. 2015) .
At odds with the peculiar timing and spectral variability displayed by IGR J18245-2452 on short timescales, the properties of the source X-ray emission on timescales of a few days seem to be remarkably similar to those of other AMXPs in outburst. The overall outburst profile is also closely reminiscent of that observed from AMXPs, featuring a faster rise (∼1-2 days) and a slower decay (several days, see e.g. Gilfanov et al. 1998; Gierliński & Poutanen 2005; Powell et al. 2007; Falanga et al. 2012) . The other two transient AMXPs show highly variable flat X-ray light curves with peculiar low luminosities of ∼10 33 erg s −1 and flares reaching ∼10 34 erg s −1 (de Martino et al. 2010; Bogdanov et al. 2015) .
The INTEGRAL data permitted us to carry out an analysis of the averaged broad-band spectral properties of the source, covering the 0.4-250 keV energy range. We showed in Sect. 4 that a Comptonisation model can describe the energy distribution of the X-ray photons from IGR J18245-2452. At the contrary of other AMXPs this source displays a harder spectrum, due to larger emitting area and smaller seed photon temperature (see e.g. Gierliński et al. 2002; Gierliński & Poutanen 2005; Falanga et al. 2012) . The X-ray spectra of the other two transient AMXPs are described by an absorbed power law and are softer, showing spectral slopes in the range Γ = (1.6-1.7) (de Martino et al. 2010; Bogdanov et al. 2015) .
We improved the XMM-Newton ephemeris reported by Papitto et al. (2013b) , finding a slightly lower spin frequency. Thanks to this result, we have now a consistent alignment in the folding procedure of the two 2-10 keV XMM-Newton pulsephase distributions and, for the first time, the detection of the millisecond pulsations using the TTE data with Fermi/GBM. For the 20-60 keV Fermi/GBM band we detected pulsed emission at a 5.9σ confidential level with a pulse shape fully consistent with that observed by ISGRI 20-60 keV. The pulse profiles of IGR J18245-2452 share many similarities with those of other AMXPs, as their shape is nearly sinusoidal at all energies (Patruno & Watts 2012) . The hard time lags of the pulsed emission likely indicate that the emission pattern from the hotspot has a peculiar energy dependence different from that of other AMXPs (Falanga et al. 2005b) . Alternatively, the contribution of the secondary cap changes the pulse profile to affect the sign of the lags. It would be interesting to compare the hard lags of IGR J18245-2452 with those of the other two transient AMXPs, since they have spin frequencies double that of IGR J18245-2452 (Archibald et al. 2013; de Martino et al. 2014) .
We reported on the discovery of a previously undetected thermonuclear burst from the source, caught by the JEM-X monitors at the beginning of the revolution 1282 when the INTEGRAL satellite was coming out from the Earth radiation belts. Even though we could not perform a detailed spectral analysis of the event, the similarity with a previous burst detected by Swift/XRT allowed us to demonstrate that type-I X-ray bursts from IGR J18245-2452 are most likely triggered by unstable helium burning after the exhaustion of all accreted hydrogen on the NS surface. This conclusion is compatible with both the characteristics of the burst profiles recorded from the source and with their measured recurrence time of roughly 5 days. IGR J18245-2452 is the only transient AMXP exhibiting a type-I X-ray burst so far. The donor stars hosted in the other two transient AMXPs were identified to be G-type stars with a mass ranging between (0.2-0.4) M (Archibald et al. 2013; de Martino et al. 2014) . This is in agreement with evolutionary expectations, which predict that AMXPs with an orbital period in the hour range (for these two transient AMXPs this is ∼(5-7) h or half of IGR J18245-2452 period, Archibald et al. 2013; de Martino et al. 2014) should host a hydrogen-rich companion star (Deloye & Bildsten 2003) . These systems are also expected exhibit pure helium type-I X-ray bursts (see e.g. Galloway & Cumming 2006; Watts & Strohmayer 2006; Falanga & Titarchuk 2007; Galloway et al. 2007; Ferrigno et al. 2011; De Falco et al. 2017) . We estimated that the burst recurrence time, for a persistent luminosity of L = 10 34 erg s −1 and assuming that the helium burst is similar to that exhibited by IGR J18245-2452, is ∆ rec = 20 yr. The transition between radio and X-ray phases may further delay the occurrence of the type-I X-ray bursts.
